Even after more than four decades of rapid-pace advances, the adoption of Surface-Enhanced Raman Scattering (SERS) remains limited, due to the difficulties in fabrication of effective and affordable nanostructured surfaces or templates. From this point-of-view, self-assembly techniques of SERS substrates formation allowing fabrication of highly branched dendritic silver nanostructures, which are very promising for biosensor applications. However, these techniques suffer from the lack of control over the resulting structures. Herein, we propose an electroless wetchemical approach for highly reproducible fabrication of spatially separated plasmonic active silver dendrites in a porous matrix of Si/SiO2 template via controlled self-assembly of silver in a limited volume. The proposed approach allows fabrication of spatially separated silver dendrites with sub-10-nm gaps between neighboring branches, which possessing strong electric field enhancement in 2 a wide spectral range. The fabricated silver dendritic structures enable a SERS 
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has been demonstrated to be as large as 10 5 -10 11 (cf. Ref. 5). Here, ISERS stands for the Raman intensity obtained for the SERS substrate under a certain analyte concentration CSERS, and IR corresponds to the Raman intensity obtained under non-SERS conditions at analyte concentration
CR.
However, the adoption of SERS remains limited, to a great extent due to difficulties in fabrication of effective and affordable nanostructured plasmonic SERS surfaces. So far, SERS substrate fabrication techniques include lithography 7 , laser ablation 21 , templated electrodeposition 22 , wet chemistry 23, 24 and self-assembly 8, 25 . The self-assembly technique is often considered the most promising because of its simplicity, cost-and time-effectiveness. For example, based on this approach, highly-branched dendritic nanostructures with sub-10-nm gaps between neighboring branches can be fabricated [26] [27] [28] . However, self-assembly techniques suffer from the lack of control over resulting structures. Thus, despite relatively satisfactory results 29 , regularly reproducible detection of ultra-small concentrations of the analyte (in particular single molecules) using dendrites was not demonstrated. The main problem is related to the formation of bulk agglomerates 26, [30] [31] [32] , which do not allow stable detection at ultra-low concentrations of molecules due to the penetration of the analyte into the interior of such structures. As a result, the excitation laser does not access the analyte localization region and, consequently, the signal from the analyte is poorly recorded.
For that reason, such problem can be solved by the spatial separation of nanostructures using porous templates: polymer track membranes, anodized aluminum oxide, porous silicon, etc. [33] [34] [35] [36] .
The formation of metallic nanostructures in the pores matrix is usually carried out using two methods -electrochemical deposition and electroless galvanic displacement. The first method is used to produce nanostructures filling the pore volume (for example, in the formation of nanorods) 37 , and the second -when it is required to realize individual nanoparticles or thin metallic layers on the pores surface 38 . In this paper, we develop and demonstrate a novel technique for the fabrication of spatially separate silver dendrites, presented schematically in Figure 1 , via self-organization of Ag nanostructures in pores of SiO2/Si templates. We investigate the microstructure, morphology, optical features and SERS properties of fabricated nanostructures. Also, we show that observed templates allow us to achieve a SERS enhancement factor of ~10 8 with a single molecule detection possibility (~10 -15 M). 
Results and discussion
Ag dendrite 6 3 3 n m R a m a n s i g n a l All the pores of the ion-track SiO2/p-Si template are filled with dendritic silver nanostructures as shown in Figure 3a . The SEM image of a single pore filled with silver nanostructures is presented in Figure 3b . The image reveals that the nanostructures have the form of dendrites containing the main trunk, lateral branches and many rounded outgrowths on them.
Due to the presence of nanoscale inhomogeneities between dendrites branches, the formation of "hot spots" can be expected with the enhanced electric field, which can be used for boosting the SERS effect. The crystallinity of the silver dendrites in the pores of the SiO2/p-Si template was determined using X-ray diffraction method. Figure 3d shows the XRD pattern of the produced structure. Unlike to the typical diffraction patterns of silver dendrite 29, 43 , we observe a broad background signal coming from the amorphous SiO2 layer. The peak at 2Theta about 69 deg corresponds to the signal from monocrystalline Si with highly broadened value due to the high defectiveness of the near-surface layers, which is caused by the consequence of creating a template the observed Ag precipitate. The high intensity of (111) reflex indicates the priority direction of crystallite growth along this direction that correlates with EBSD observations in Figure 3c .
To investigate the optical properties of the fabricated dendritic Ag nanostructures numerically, we perform the full-wave simulations using CST Microwave Studio (Figure 4a, b) .
The simulation results indicate that the most intense hot spots are located between the neighboring dendrite branches, where the electric field enhancement reaches 12 as shown in Figure 4b . It is known that the SERS enhancement factor caused by electric field localization is roughly proportional to the fourth power of the electric field amplitude (~E 4 ). This gives us an estimation for the enhancement factor of ~10 4 . The typical scattering spectrum (for more details see Methods) of the dendritic nanostructures is shown in Figure 4c . The complexness of the structure gives rise to spectral broadening of the measured scattering spectra 39 . Moreover, the scattered light collecting area has a radius of 15 µm, and hence each spectrum is averaged over ~50 nanostructures, which causes its 8 additional broadening. In result, the scattering spectrum in Figure 4c does not exhibit sharp peaks in the range of 500 -750 nm with a broadband resonant behavior nearby excitation wavelength (633 nm). Zoomed SERS spectrum of DNTB with the concentration of 10 -15 М.
Next, in order to demonstrate the performance of the resulting structures as a sensor, the SERS measurements with using DTNB as a model analyte were performed (for details see Methods). Figure 5 summarizes 
The appearance of new allowed levels in the energy spectrum of the molecule can lead to differences in comparison with the Raman spectrum of a bare analyte. Indeed, our results show (Figure 5a ) that the main lines are shifted to the blue side and with decrease in the analyte concentration this effect gets enhanced. This behavior of the SERS spectra can be explained in the following way. With a sufficient amount of analyte molecules, both amplification mechanisms are involved: electromagnetic, which does not affect the spectrum change, and chemical, which causes the shift of the combination bands and is noticeably weaker than the electromagnetic one. With a decrease in the analyte concentration, the role of the electromagnetic mechanism is weakened, because fewer molecules get into "hot spots". Molecules, which still fall into these regions, fit closely to the metal and at distances of the order of several angstroms create a molecular-metal complex with silver. Thus, the molecule gets additional allowed energy levels. For that reason, the resonant transitions between these levels can also be enhanced by the electromagnetic mechanism.
A decrease in concentration leads to the fact that molecules that fall into "hot spots" at distances of several tens of nanometers from a metal don't form a bond with silver surface. This is a consequence of the dominant effect of the chemical contribution to the SERS spectrum and a more noticeable shift in the combination lines. Note that the formation of new molecule-metal complexes can occur not only in "hot spots", but also in other regions of the metal, which also affects the characteristic shape of the SERS spectrum with a decrease of the electromagnetic mechanism role.
Conclusions
Spatially separated Ag dendritic nanostructures in the pores of the ion-track template indicates that the appearance of "hot spots" occurs in places of twinning (intergrowth of the branches of the dendrite). The fabricated dendrites have a large number of "hot spots" with an electric field enhancement factor of 12. The random distribution of "hot spots" on a dendrite leads to its broadened scattering spectrum. We strongly believe that the simplicity, reproducibility, and scalability of the presented method for the formation of spatially separated dendrites make it promising for various vital applications in photonics, chemistry, and biology.
Materials and methods
To obtain porous SiO2 templates on Si substrate the ion-track technology was used 50, 51 . For the substrate irradiation, single-crystal silicon (p-type, Boron doped, 12 Ohm·cm (100)) wafers were used with a layer of an amorphous SiO2 dielectric layer with a thickness of about 700 nm. The SiO2/Si templates is described in our previous work 35 . In our experiments, the etching was carried out in hydrofluoric acid (HF) at a concentration of 1%. The total irradiated surface treatment time was 110 min, which provided a pore diameter of ~ 800 nm.
The growth of silver nanostructures in porous SiO2/Si templates was carried out using the electroless galvanic displacement method. Firstly, the templates were washed in isopropyl alcohol, and then in distilled water and dried in air for 30 minutes. The electrolyte for the silver deposition was an aqueous 0.02M solution of silver nitrate (AgNO3) and 5M hydrofluoric acid (HF). The deposition of metal into the pores was carried out at a temperature of 35 °C for 30 s. Finally, the samples were washed in distilled water and dried in a stream of nitrogen.
The scattering properties (LSPR -Localized Surface Plasmon Resonance) of the metal nanostructures were recorded with a dark-field micro-spectroscopy similarly as in Ref. 52 . Briefly, the micro-spectroscopy system consisting of an upright microscope (AxioImager Z1m, Carl Zeiss) combined with a fiber-coupled spectrometer (Spectra Pro 2300i, Princeton Instruments) and used in the dark-field top illumination settings. The microscope was equipped with a color camera (AxioCam Mrc5, Carl Zeiss) to record the overview images of the samples. The scattering signal was recorded from a circular area with the diameter of 15 µm (10x objective; NA = 0.2, 150 µm diameter aperture in front of the collecting fiber) from the middle of the overview image. The scattering signals were corrected for a background and a lamp spectrum.
To clarify the crystal structure of silver dendrites, the X-Ray diffraction (XRD) patterns were measured using X'Pert Pro X-ray diffractometer from PANalytical B.V. measured in the Bragg-Brentano arrangement.
Scanning electron microscopy (SEM, Carl Zeiss ULTRA 55, FE-SEM) was chosen to characterize the surface morphology of the obtained samples.
The EBSD (Electron Back-Scatter Diffraction) analysis of the samples was performed using a scanning electron microscope equipped with a Schottky emitter (Zeiss Ultra 55) and a high resolution EBSD camera (Bruker e-Flash HR ) using an acceleration voltage of 20 kV at a nominal sample current of 1.5 nA, sample tilt of 60° with respect to the primary electron beam, and a scanning step width of 12 nm. The resolution of the Kikuchi patterns was 160120 pixels applying a binning of 1010 and using integration times of 40 ms. There were no problems with charging issues. The data were evaluated using a commercial software package (Bruker Quantax; Esprit 2.1)
as well as the MATLAB toolbox MTEX 53 .
The SERS measurements were performed using commercially available confocal micro- thickness has been taken to be 170 nm. The lengths of big and small dendritic were ~1130 nm and respectively. The radius of the rounded outgrowths was 53 nm.
